The legume pod borer, Helicoverpa armigera (Hubner) (Lepidoptera: Noctuidae) has developed high levels of resistance to conventional insecticides, and therefore, efforts are being made to develop transgenic chickpea expressing toxin genes from the bacterium, Bacillus thuringiensis (Bt) for controlling this pest. However, there is an apprehension that acid exudates in chickpea might interfere with biological activity of Bt. Therefore, we studied the biological activity of Bt (Biolep R ) on four chickpea genotypes with different levels of resistance to H. armigera under field conditions, and by incorporating lyophilized lead and pod tissue into the artificial diet with and without Bt. The pH of the acid exudates varied from 2.1 to 2.90, and malic and oxalic acid were the major components of the acid exudates in different chickpea genotypes. There was no survival of H. armigera larvae in chickpea plants spayed with 0.1, 0.2 and 0.5% of Bt. There was a significant reduction in larval survival, larval and pupal weights and fecundity, and prolongation of larval and pupal periods in chickpea plots sprayed with Bt (0.05%) as compared to the unsprayed plants. Biological activity of Bt was lower on artificial diets with leaf or pod powder of chickpea genotypes, which might be because of a low intake of Bt toxins due to antifeedant effects of acid exudates in the chickpea or reduction in biological activity of Bt due to the interaction of biochemical constituents in chickpea with the Bt toxins. Larval survival, larval and pupal weights, pupation and adult emergence were significantly lower on diets with leaf or pod powder of the H.
Materials and Methods

Test material
Four chickpea genotypes with different levels of resistance to H. armigera (Sharma et al., 2007) (ICC were used to study the interaction of chickpea genotypes with Bt under field and laboratory conditions. ) was applied as a basal dressing before sowing. The seeds were planted with a four cone planter and the field was irrigated immediately after planting and at monthly intervals thereafter. Normal agronomic practices were followed for raising the crop.
The plots of the four chickpea genotypes were sprayed with a commercial formulation of Bt (Biolep ® , Biotech International Ltd., India) (0.05, 0.1, 0.2 and 0.5%) using a Knapdack sprayer (100 L ha -1 ) at the vegetative stage (30 days after seedling emergence) with a Knapsack sprayer (ZENOAH, Japan).
Unsprayed plots served as untreated controls. There were three replications for each genotype x Bt treatment in randomized complete block design. A polyethylene plastic sheet was held downwind to prevent spray drift to the adjoining plots. The leaves of the treated and untreated chickpea genotypes were collected 4 h after spraying for feeding to the H. armigera larvae in the laboratory.
Insect culture
The larvae of H. armigera used in the bioassays were obtained from the laboratory culture maintained at ICRISAT, Patancheru, Andhra Pradesh, India. Larvae were reared on chickpea based artificial diet (Armes et al., 1992) at 27 + 1 º C and 12 h photoperiod. The neonates were reared for 5 days in groups of 200 to 250 in 200 ml plastic cups containing a 2 to 3 mm layer of artificial diet on the bottom and sides of the cup. Thereafter, the larvae were transferred individually to six cell-well plates (each cellwell was 3.5 cm in diameter and 2 cm in depth) to avoid cannibalism. Each cell-well had a sufficient amount of diet (7 ml) to support larval development until pupation. The pupae were removed from cellwells, sterilized with 2% sodium hypochlorite solution and kept in groups of 50 in plastic jars containing
Vermiculite. Upon emergence, 10 pairs of adults were released inside an oviposition cage (30 x 30 x 30 cm). Adults were provided with 10% sucrose or honey solution on a cotton swab for feeding. Diaper liners, which have a rough surface, were provided as a substrate for egg laying. The liners were removed daily and the eggs sterilized in 2% sodium hypochlorite solution. The liners with eggs were dried under a table fan and then placed inside the plastic cups with artificial diet. The liners were removed after 4 days.
Freshly emerged neonate larvae were used for bioassays using the diet impregnation assay (Narayanamma et al., 2008) .
Acidity of the leaf exudates and estimation of organic acids using high performance liquid chromatography
Since acid exudates were thought to influence the biological activity of the Bt, we measured the pH of the leaf extracts of the genotypes tested at the vegetative stage and also assessed the amounts of the organic acids (mainly oxalic and malic acids) in the leaf exudates using high performance liquid chromatography (HPLC). The acidity (pH) of the leaf exudates was measured by extracting 10 g of the terminal leaf tissue in 10 ml of distilled water in a test tube for 2 -3 min. The leaves were then removed form the water and the volume made up to 10 ml. The pH of the extract was measured using a pH meter.
The amounts of different organic acids were estimated in the leaf samples collected at different stages of plant growth using HPLC. The terminal branches (with 3 -4 leaves, 5 cm long) were excised from the plants in the field and placed in 10 ml test tubes. The test tubes were placed in an ice box and brought to the laboratory. The fresh weight of the samples was recorded on a Mettler balance. The samples were then Vortexed in 5 ml of milli Q water for 1 min in a test tube. The leaves were removed from the test tube and oven dried at 55 º C for 3 days to record their dry weight. The leaf extracts were filtered through 0.2 µm pore size PVDF (polyvinylidene difluoride) membrane filters and injected into HPLC [Waters, C18 column, 5 µm (4.6 x 250 mm)]. Mobile phase was potassium phosphate buffer 25 mM, pH 2.5. After equilibration of column with the mobile phase, 20 µl of processed sample was injected into HPLC system (automated program). The flow rate was 1 ml/min; run time 20 min and the compounds were detected at 215 nm using a photodiode detector. The peaks for oxalic and malic acids were identified by spiking the samples with the respective acids. The amounts of organic acids (oxalic and malic acids) were quantified from the standard curves prepared from the pure compounds.
Preparation of Bt δ-endotoxin proteins
The method reported by Shao et al. (1998) was slightly modified to prepare protoxin from the commercial Bt formulation. Ten grams (2.5 g x 4 tubes) of commercial Bt formulation (Biolep R ) was placed in centrifuge tubes and washed with one molar NaCl (10 ml each time) and centrifuged at 4,000 rpm for 5 min and then washed twice with deionised water and centrifuged at 4,000 rpm for 5 min. The sediment was dissolved in 2 per cent β-mercaptoethanol-NaOH buffer (2 ml of β-mercaptoethanol in 100 ml of water. The pH was adjusted to 10.7 with NaOH solution) and kept for 2 h on a stirrer at room temperature. The contents were centrifuged at 4000 rpm for 20 min, supernatant collected and pH adjusted to 4.4 with 2 M acetic acid. The contents were centrifuged at 4,000 rpm for 20 min. The protoxin precipitate was collected and dialyzed against water (dialyzed overnight and water changed 3 times). The amount of protein present in the precipitates were estimated by the method of Lowry et al. (1951) . This protoxin preparation was used in the experiments.
Survival and development of H. armigera on different chickpea genotypes sprayed with different concentrations of Bt
Survival and development of H. armigera larvae were studied on four chickpea genotypes sprayed with a commercial formulation of Bt (Biolep ® , Biotech International Ltd., India) (0.05, 0.1, 0.2 and 0.5%). The larvae were reared up to pupation on leaves obtained from freshly sprayed chickpea plants in the field. Ten neonate larvae were fed on terminal branches picked up at random from each plot, by using the detached leaf assay ) and there were 30 larvae for each treatment. After five days, when the larvae enter third-instar and become cannibalistic, the larvae were reared in individually in small plastic cups (20 ml capacity). Food was changed every three days and fresh Bt sprayed leaves (4h after spraying) were given as a food each time. Data were recorded on larval weights at 5 and 10 days after initiation (DAI) of the experiment using a microbalance (Mettler AE 200 R ). For this purpose, larvae were removed from the rearing cups, cleaned and kept in 15 ml glass vials for 2 h, weighed and then placed back on the respective diets. The pupal weights were recorded 1 day after pupation. Pupae from each replication were placed in a 1 L plastic jar containing moist Vermiculite. Pupation and adult emergence were computed in relation to number of neonate larvae released in each replication. Data were also recorded on larval and pupal periods. The adults were collected with an aspirator from the jars and three pairs of adults emerging on the same day on a particular genotype were placed inside an oviposition cage (30 × 30 ×30 cm) and provided with diaper liners for oviposition to record data on fecundity of insects reared on different chickpea genotypes treated with different concentrations of the Bt formulation.
The adults were provided with 10% sucrose solution on a cotton swab as a food.
Survival and development of H. armigera on artificial diet containing lyophilized leaf or pod powder of different chickpea genotypes and Bt δ-endotoxin proteins
To assess the interaction of organic acids in the trichome exudates of chickpea leaves or pods with biological activity of Bt δ-endotoxin proteins towards H. armigera, chickpea terminals (having four fully expanded leaves) at the flowering stage and young pods at the milk stage (12 0 15 days after flowering) were collected and stored at -20 º C. The leaves and pods from each treatment were freeze-dried separately, powdered in a blender to obtain a fine powder (<80 µm) and used in artificial diet incorporation assay (Narayanamma et al., 2008) to assess the interaction of organic acids in the leaf and pod exudates with biological activity of Bt towards H. armigera.
To assess the interaction between chickpea genotypes and Bt δ-endotoxin proteins, lyophilized leaf or pod powder of the chickpea genotypes (20 g of freeze-dried leaf or pod powder of each genotype as a replacement for chickpea flour of the susceptible chickpea variety, KAK 2) were incorporated into the artificial diet (having ingredients sufficient for 300 ml artificial diet) for rearing H. armigera (Armes et al., 1992) along with Bt toxin Cry1Ac at the ED 50 (27.3 ng ml -1
) level (effective dose to reduce the weight of the larvae by 50%) . Seven ml of diet was poured into each cell-well in a six cell-well plate and then neonate larvae were released individually into the cell-wells. There were three replications for each genotype and each replication had 10 neonate larvae (N = 30 for each treatment).
Data were recorded on larval weights at 5 and 10 days after initiation of the experiment, pupal weights, larval and pupal periods, pupation, adult emergence, adult longevity and fecundity as described above.
Statistical analysis
Data were subjected to factorial analysis by using GENSTAT version 10.1. The treatment means were compared by DMRT to know the significance of differences among the genotypes, Bt concentrations and the interaction effects, if any, at P < 0.05. The treatment (Bt concentrations) x genotype means were compared for significance of differences when the interaction effects were nonsignificant. When Bt treatment x genotype interaction effect were significant, the values for each genotype under different Bt treatments were compared for significance of differences.
Results
Acidity of the leaf exudates and amounts of organic acids at different stages of plant growth
Amounts of malic acid increased progressively from vegetative to the podding stage (Table 1) . ICCV 10 had the highest amounts of malic acid during the vegetative, flowering and podding stages, followed by C 235; while ICC 506EB had the least amounts of malic acid, except during the vegetative stage. The amounts of oxalic acid increased from 5.31 mg g -1 during the vegetative stage to 12.80 mg g -1 during the flowering stage, but declined to 8.72 mg g -1 during the podding stage. Amounts of oxalic acid were maximum in ICCV 506EB during the vegetative and flowering stages closely followed by ICCV 10 (except during the flowering stage); while C 235 had the least amounts of oxalic acid.
Survival and development of H. armigera on different chickpea genotypes sprayed with Bt
There were significant differences in survival and development of the pod borer, H. armigera on the Bt-sprayed and unsprayed plots of different chickpea genotypes ( Table 2 ). The interaction effects between the genotypes × Bt concentrations for larval weight at 10 DAI were significant. There was no larval survival on the four chickpea genotypes sprayed with 0.5% Bt and on C 235 sprayed with 0.2% Bt.
Lowest larval weight (5.5 mg) was recorded in the larvae reared on ICC 506EB sprayed with 0.2% Bt, followed by those reared on ICCV 10 sprayed with 0.1% Bt (13.6 mg), suggesting that chickpea genotypes with resistance to H. armigera act in concert with Bt to cause adverse effects on the survival and development of this insect. Only the H. armigera larvae reared on unsprayed leaves and the leaves sprayed with 0.05% Bt were able to pupate. The pupal weights were lower in larvae reared on ICC 506EB
(180.2 mg) and ICCV 10 (208.5 mg) sprayed with 0.05% Bt as compared to those reared on the unsprayed leaves of L 550 (262.3 mg) ( Table 3) .
None of the larvae survived on C 235 sprayed with 0.05% Bt. The larval period was prolonged by more than 2 days in the larvae reared on the unsprayed leaves of ICC 506EB and ICCV 10 (21.9 and 21.0 days, respectively) and in larvae reared on ICC 506EB sprayed with 0.05% Bt (20.6 days). Pupal period was also prolonged on ICC 506EB sprayed with 0.05% Bt (14.3 days) as compared to that on L 550 (9.1 days). The pupation was significantly lower in insects reared on ICCV 10 (10%), L 550 (16%) and ICC 506EB (26%) sprayed with 0.05% Bt as compared to those reared on the unsprayed leaves of L 550 (76%) ( Table 3) .
Adult emergence was lower in insects reared on ICCV 10 sprayed with 0.05% Bt (60%) and unsprayed ICC 506EB (63.8%) as compared to unsprayed L 550 (84.1%) ( Table 4) . The H. armigera females survived for 2.8 to 6.4 days when the larvae were reared on L 550, ICCV 10 and ICC 506EB sprayed with 0.05% Bt as compared to 13.3 days in insects reared on unsprayed ICCV 10. The males ). The interaction effects between the chickpea genotypes × Bt (0.05% concentration) for adult emergence were significant.
Survival and development of H. armigera on artificial diet with lyophilized leaf powder of different chickpea genotypes and Bt δ-endotoxin proteins
There were significant differences in larval weights at 5 DAI between the genotypes and the Bt δ-endotoxin protein treatments (Table 5 ) and the interaction effects were non-significant. The larval weights were lower in larvae reared on artificial diets with leaf powder of ICC 506EB (13.3 mg), followed by ICCV 10 (14.7 mg). Larval weights were also lower in larvae reared on diets with Bt δ-endotoxin proteins (11.8 mg) as compared to the larvae reared on diets without Bt δ-endotoxin proteins (23.2 mg). At 10 DAI, the interaction effects between the genotypes × Bt δ-endotoxin proteins were significant. The larvae reared on the standard artificial diet with Bt had lowest larval weights (132.9 mg), followed by those reared on a diet with ICCV 10 leaf powder + Bt δ-endotoxin proteins (158.1 mg). Larval weight was highest in the larvae reared on the standard artificial diet without Bt δ-endotoxin proteins (411.3 mg), followed by the larvae reared on diets with leaf powders of L 550 (399.5 mg) and ICC 506EB (382.9 mg).
The interaction effects for pupal weight between the genotypes × Bt δ-endotoxin proteins were significant. Pupal weights were lowest in insects reared on standard artificial diet with Bt (309.8 mg), followed by those reared on diets with leaf powders of L 550 + Bt (316.3 mg) and ICCV 10 + Bt (319.7 mg).
The interaction effects for larval and pupal periods, pupation, adult emergence and fecundity were significant (Tables 6 and 7 ). Larval period increased by more than 2 days in larvae reared on the standard artificial diet with Bt (17.5 days), followed by those reared on diets with leaf powder of ICC 506EB (17.1 days) (Table 6 ). Pupal period was shorter in insects reared on standard artificial diet (14.8 days) as compared to those reared on diets with ICCV 10 leaf powder + Bt δ-endotoxin proteins (17.5 days), ICC 506EB leaf powder (16.2 days) and ICCV 10 leaf powder (15.9 days). Lowest pupation was recorded on standard artificial diet with Bt (70.0%), followed by insects reared on diets with leaf powder of ICC 506EB (86.7%). Adult emergence was lowest on the standard artificial diet with Bt (40.0%), followed by insects reared on diets with leaf powder of ICC 506EB (53.3%). More than 90% adult emergence was recorded on the standard artificial diet without Bt δ-endotoxin proteins (93.3%). The interaction effects for adult longevity were non-significant (Table 7) . Lowest fecundity was recorded in insects reared on diets with C 235 leaf powder + Bt δ-endotoxin proteins (447 eggs female .
Survival and development of H. armigera on artificial diets having lyophilized pod powder of different chickpea genotypes and Bt
Larval weights were lower in insects reared on diets with pod powders of ICCV 10 + Bt δ-endotoxin protein (5.5 mg) and ICC 506EB + Bt δ-endotoxin proteins (5.9 mg) as compared to the larvae reared on standard artificial diet without Bt (15.4 mg) ( Table 8 ). The interaction effects for larval weights at 5 DAI were significant. At 10 DAI, larval weights were lower in insects reared on the diets with Bt δ-endotoxin proteins (147.2 mg) as compared to the insects reared on diets without Bt (368.8 mg). Lowest larval weight (230.6 mg) was recorded in insects reared on diets with pod powders of ICC 506EB, followed by C 235 (235.8 mg) and ICCV 10 (249.8 mg). Pupal weight was lowest in insects reared on diets with pod powder of L 550 + Bt δ-endotoxin proteins (281.6 mg) and ICC 506EB + Bt δ-endotoxin proteins (286.1 mg).
Larval period was shorter by 1.6 days in insects reared on diets without Bt δ-endotoxin proteins (15.1 days) as compared to those reared on diets with Bt δ-endotoxin proteins (16.7 days) ( Table 9 ). Pupal period was also shorter (11.7 days) in insects reared on diets without Bt as compared to those reared on diets with Bt (12.3 days). The interaction effects for pupation between the genotypes × Bt δ-endotoxin protein were significant. Pupation was lower in insects reared on the standard artificial diet with Bt (66.7%), followed by those reared on diets with pod powder of C 235 + Bt δ-endotoxin proteins (76.7%) and ICC 506EB (83.3%).
The interaction effects were significant between the genotypes × Bt δ-endotoxin proteins for adult longevity (Table 10 ). Female longevity was shortest in insects reared on diets with pod powder of C 235 + Bt δ-endotoxin proteins (9.7 days), followed by the insects reared on diets with pod powder of ICCV 10 (9.9 days) and C 235 (11.0 days). Male longevity was shorter in insects reared on diets with pod powder of ICCV 10 (8.1 days), followed by those reared on diets with pod powder of ICC 506EB (8.4 days), C 235 + Bt δ-endotoxin proteins (8.6 days) and ICC 506EB + Bt δ-endotoxin proteins (8.7 days). The differences in fecundity between the genotypes, Bt δ-endotoxin proteins and the interaction effects were significant (Table 10) ).
Discussion
Chickpea genotypes with low to moderate levels of resistance to H. armigera have been identified earlier, but the expression of resistance varies with growth stage, seasons and locations (Sharma et al., 2007) . Therefore, there is a need to augment host plant resistance with other methods of controlling H. armigera, including the use of biopesticides, natural plant products and synthetic insecticides (Sharma, 2005) . Genetic engineering of chickpea with δ-endotoxin genes from the Bt can also be exploited to make host plant resistance an effective tool for controlling H. armigera (Sharma et al., 2004) . Efforts are underway to develop chickpea plants expressing Bt cry genes for conferring resistance to H. armigera (Ramakrishna et al., 2005; Sanyal et al., 2005) .
Bt sprays have been found to be effective for H. armigera control on chickpea (Balasubramanian et al., 2002; Mandal et al., 2003; Bhojne et al., 2004; Singh and Ali, 2005) . There were significant differences in the survival and development of H. armigera larvae on Bt-sprayed and unsprayed chickpeas. Pupation and adult emergence were significantly lower in insects reared on ICCV 10, L 550
and ICC 506EB sprayed with 0.05% Bt as compared to the insects reared on unsprayed plants of L 550.
Fecundity was also reduced significantly in insects reared on ICC 506EB and L 550 sprayed with 0.05%
Bt as compared to those reared on unsprayed leaves of L 550. The results suggested that ICC 506EB and ICCV 10, with low to moderate levels of resistance to H. armigera, acted in concert with Bt, and these genotypes also had high amounts of oxalic and/or malic acid in the leaf exudates.
When the lyophilized leaves of different chickpea genotypes were incorporated into the artificial diet, the weights of H. armigera larvae were lower in insects reared on diets with chickpea leaf or pod powder + Bt δ-endotoxin proteins as compared to the diets without Bt δ-endotoxin proteins. Pupal weights were also lower in insects reared on artificial diet with Bt and on diets with leaf powders of L 550 and ICCV 10 along with Bt δ-endotoxin proteins. Lowest pupation and adult emergence were recorded on artificial diet with Bt δ-endotoxin proteins, followed by the insects reared on diets with leaf powder of ICC 506EB. Fecundity was lower in insects reared on diets with leaf or pod powder of different chickpea genotypes and Bt δ-endotoxin proteins.
The biological activity of Bt δ-endotoxin proteins was greater in artificial diet without chickpea leaf or pod powder, suggesting that chemical components in the chickpea leaves and pods had a negative effect on the biological activity of Bt. However, Bt incorporated into artificial diet has also been shown to act as a feeding deterrent to the larvae of H. armigera (Zhang et al., 2000) and results in reduced survival of H. armigera (Chandra et al., 1999) . The pH of the acid exudates varied from 2.1 to 2.90 and ICCV 10 had greater amounts of malic acid than C 235; while the amounts of oxalic acid were greater in ICC 506EB than in C 235. The reduced effectiveness of Bt δ-endotoxins might not be entirely due to acidic exudates as ICC 506EB and ICCV 10, which showed maximum amounts of oxalic and malic acids, respectively, also resulted in adverse effects on development and survival of H. armigera. However, C 235 also resulted on adverse effects on H. armigera in combination with Bt, although it had low amounts of oxalic acids, but considerably high amounts of malic acid in the leaf exudates. Expression of resistance to pod borer, H. armigera is influenced by the pH and amounts of malic and oxalic acids in the leaf exudates (Bhagwat et al., 1995; Yoshida et al., 1995 Yoshida et al., , 1997 and reduced larval and pupal weights and prolonged larval and pupal periods have been observed in insects reared on leaves, pods and in artificial diets impregnated with lyophilized leaves and pods of H. armigera-resistant genotypes of chickpea as compared to those of the susceptible ones (Sreelatha, 2003; Narayanamma et al., 2008 Figures followed by the same letter within a column do not differ significantly at P < 0.05. -= There was no larval survival.
Figures followed by the same letter within a column do not differ significantly at P < 0.05.
Table 3
Development and survival of H. armigera larvae reared on four chickpea genotypes sprayed with Bt ( *There were 30 larvae in each treatment.
-= There was no larval survival.
Figures followed by the same letter within a column do not differ significantly at P < 0.05. Figures followed by the same letter within a column do not differ significantly at P < 0.05. Figures followed by the same letter in a column do not differ significantly at P < 0.05. *There were 30 larvae in each treatment.
Figures followed by the same letter in a column do not differ significantly at P < 0.05. Figures followed by the same letter in a column do not differ significantly at P < 0.05. Figures followed by the same letter in a column do not differ significantly at P < 0.05. *There were 30 larvae in each treatment.
Figures followed by the same letter in a column do not differ significantly different at P < 0.05. Figures followed by the same letter in a column do not differ significantly different at P < 0.05.
